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Open access under the ElsThe effect of bean starch oxidation at different active chlorine concentrations (0.5%, 1.0% and 1.5%) on the
physicochemical, crystallinity, pasting and morphological properties of starch was investigated. The car-
bonyl content, carboxyl content, starch colour, swelling power, solubility, gel hardness, X-ray crystallin-
ity, pasting properties, gelatinisation characteristics and morphology of the starches were evaluated. The
bean starch oxidised with 0.5% active chlorine had the characteristic of a slightly crosslinked starch. As
compared to the native and 0.5% active chlorine-oxidised starches, active chlorine at 1.0% and 1.5%
increased the carbonyl content, carboxyl content and solubility of the starches. Moreover, these concen-
trations of active chlorine decreased the swelling power, gel hardness, relative crystallinity, breakdown,
peak viscosity and setback, as compared to the native and 0.5% active chlorine-oxidised starches. The
starch granules oxidised with 1.5% active chlorine had imperfections in their structure, and its surface
appears to be rougher than the other granules.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Common beans have an important role in human nutrition.
They are rich sources of complex carbohydrates, protein, vitamins
and minerals (Wang, Hatcher, Tyler, Toews, & Gawalko, 2010).
Bean consumption is substantial in developing countries and has
increased in developed countries as an alternative to animal pro-
tein for the prevention of health problems related to meat con-
sumption. This increased consumption is due to the discovery of
the beneﬁts of legumes in diets and their protection against dis-
eases of the colon (Pujóla, Farreras, & Casaños, 2007).
Carbohydrates are the main constituents of beans, and starch is
the most abundant carbohydrate in the legume seed (22–45%)
(Hoover & Sosulski, 1991). Starch has an important role in the food,
textile, pharmaceutical and paper industries, and starch has been
recently described to be important in the synthetic polymer indus-
try (Lawal & Adebowale, 2005). There have been an increasing
number of studies focusing on the characteristics of starches with
different botanical origins, and the objective of these studies has
been to ﬁnd starches that meet speciﬁc demands. According to
Hughes et al. (2009), food processors and nutritionists have been
looking for legume starches with unique functionalities to meet
consumer demands..
anier).
evier OA license.Native starch has a low shear stress resistance, low decomposi-
tion rate, high retrogradation rate, and syneresis (Sánchez-Rivera,
García-Suárez, Velázquez del Valle, Gutierrez-Meraz, & Bello-
Pérez, 2005). Starch oxidation is an alternative to improve starch
properties, and starch oxidation is widely used in many industries,
particularly in applications where ﬁlm formation and adhesion
properties are desired (Sangseethong, Termvejsayanon, & Sriroth,
2010). The applications of oxidised starch in the food industry is
increasing because of its low viscosity, high stability, clarity,
ﬁlm-forming properties and binding properties (Sánchez-Rivera
et al., 2005).
Amongst the different sources of reagents used in starch oxida-
tion, the most commonly used reagents are sodium hypochlorite
and hydrogen peroxide. Sodium hypochlorite is the oldest and
most popular commercial oxidant. During oxidation reactions, hy-
droxyl groups on starch molecules are ﬁrst oxidised to carbonyl
groups and then to carboxyl groups. Therefore, the number of car-
boxyl and carbonyl groups on the oxidised starches indicate the ex-
tent of oxidation, which primarily occurs on the hydroxyl groups at
the C-2, C-3, and C-6 positions (Wurzburg, 1986).
Intensive research is required to improve the functionality of le-
gume starches in the food and non-food sectors (Hoover, Hughes,
Chung, & Liu, 2010). There have been studies focusing on the prop-
erties of oxidised legume starches, including studies on mucuna
bean (Adebowale & Lawal, 2003), jack bean (Lawal & Adebowale,
2005), ﬁeld pea (Li & Vasanthan, 2003) and sword bean starches
(Adebowale, Afolabi, & Olu-Owolabi, 2006). However, no studies
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vulgaris L.) starch. The objective of this study was to evaluate the
effect of sodium hypochlorite concentration on several physico-
chemical, pasting, crystallinity and morphological properties of
oxidised common bean starch.2. Materials and methods
2.1. Material
Carioca beans (Phaseolus vulgaris L.; cv. Pérola) were grown on a
farm at Primavera do Leste in the State of Mato Grosso, Brazil. Cari-
oca beans were cultivated under an irrigation system, and they
were harvested when the moisture content was approximately
12.5%. After harvesting the beans, they were subjected to a clean-
ing process. The grains were placed into rafﬁa bags and immedi-
ately transported to the Postharvest, Industrialisation and Quality
of Grains Laboratory at DCTA-FAEM-UFPel, where the experiment
was conducted. Starch was isolated from the grains after eight
months of storage.
2.2. Starch isolation
The starch was isolated from bean grains using the procedure of
Rupollo et al. (2010). The grains (2.5 kg) were ground using a lab-
oratory mill (Perten 3100, Perten Instruments, Huddinge, Sweden).
Subsequently, the bean ﬂour was added to distilled water contain-
ing 0.16% sodium hydrogen sulphite for 24 h at 4 C. The addition
of sodium hydrogen sulphite to steep water assists in breaking
down the protein/starch matrix and prevents microbial growth
(Singh, Sandhu, & Kaur, 2004). The steep water was then drained
off, and the slurry was ground in a laboratory blender. The ground
slurry was screened through a 200-mesh sieve. The material
remaining on the sieve was washed thoroughly with distilled
water. The ﬁltrate slurry was allowed to stand for 3 h. The superna-
tant was then removed, and the settled starch layer was resus-
pended in distilled water and centrifuged in wide-mouthed cups
at 1200g for 20 min. The upper non-white layer was scraped off.
The white layer was resuspended in distilled water and centrifuged
at 1200g for 15 min. The upper non-white layer was scraped off
again, and the starch was collected and dried in an oven at 40 C
for 12 h. The starch isolation yield was approximately 24%, and
the protein, ash and lipid contents in the native starch were
approximately 0.43%, 0.14% and 0.19%, respectively, on a dry basis.
2.3. Starch oxidation
Starch oxidation was performed according to the method de-
scribed by Wang and Wang (2003), with some modiﬁcations. A
35% starch slurry was prepared by adding deionised water to
200 g of starch (dry basis) to a ﬁnal weight of 571 g in a 2 l reaction
vessel and mantle. The starch slurry was maintained at 35 C by
occasionally turning off the mantle heating power, and the pH level
was adjusted to 9.5 with 0.5 N NaOH. Twenty grams of sodium
hypochlorite (1 g of active chlorine and 200 g of starch resulting
in 0.50% active chlorine, w/w) was slowly added to the starch slur-
ry over a period of 30 min while maintaining the pH level at 9.5
with 1 N HCl. After the addition of sodium hypochlorite, the pH va-
lue of the slurry was maintained at 9.5 with 1 N NaOH for an addi-
tional 50 min. The slurry was then adjusted to a pH value of 7.0
with 1 N HCl, ﬁltered by suction with a Buchner ﬁlter funnel
(Whatman ﬁlter No. 4), washed with a twofold volume of deion-
ised water and dried in a convection oven at 40 C for 24 h. The
same procedure was applied for different active chlorine concen-
trations (0.50%, 1.0% and 1.5%; w/w).2.4. Carbonyl content
The carbonyl content was determined according to the titrimet-
ric method as described by Smith (1967). A starch sample (2 g) was
added to 100 ml of distilled water in a 500-ml ﬂask. The suspen-
sion was gelatinised in a boiling water bath for 20 min, cooled to
40 C, and adjusted to a pH value of 3.2 with 0.1 N HCl. A hydrox-
ylamine reagent (15 ml) was then added to the mixture. The ﬂask
was stoppered and placed in a 40 C water bath for 4 h with slow
stirring. The excess hydroxylamine was determined by rapidly
titrating the reaction mixture to a pH value of 3.2 with standard-
ised 0.1 N HCl. A blank determination with only the hydroxylamine
reagent was performed in the same manner. The hydroxylamine
reagent was prepared by ﬁrst dissolving 25 g of hydroxylamine
hydrochloride in 100 ml of 0.5 N NaOH, before the ﬁnal volume
was adjusted to 500 ml with distilled water. The carbonyl content
was expressed as the quantity of carbonyl groups per 100 glucose
units (CO/100 GU), as calculated by Eq. (1):
CO=100 GU ¼ ðVb VsÞ M  0:028 100
W
ð1Þ
where Vb is the volume of HCl used for the blank (ml), Vs is the vol-
ume of HCl required for the sample (ml), M is the molarity of HCl
and W is the sample weight (db).
2.5. Carboxyl content
The carboxyl content of the oxidised starch was determined
according to the modiﬁed procedure of Chattopadhyay, Singhal,
and Kulkarni (1997). Approximately 2 g of a starch sample was
mixed with 25 ml of 0.1 N HCl, and the slurry was stirred occasion-
ally for 30 min with a magnetic stirrer. The slurry was then vac-
uum-ﬁltered through a 150-ml medium porosity fritted glass
funnel and washed with 400 ml of distilled water. The starch cake
was then carefully transferred into a 500-ml beaker, and the vol-
ume was adjusted to 300 ml with distilled water. The starch slurry
was heated in a boiling water bath with continuous stirring for
15 min to ensure complete gelatinisation. The hot starch disper-
sion was then adjusted to 450 ml with distilled water and titrated
to a pH value of 8.3 with standardised 0.01 N NaOH. A blank test
was performed with unmodiﬁed starch. The carboxyl content
was expressed as the quantity of carboxyl groups per 100 glucose
units (COOH/100 GU), as calculated by Eq. (2):
COOH=100 GU ¼ ðVs VbÞ M  0:045 100
W
ð2Þ
where Vs is the volume of NaOH required for the sample (ml), Vb is
the volume of NaOH used to test the blank (ml),M is the molarity of
NaOH and W is the sample weight (db).
2.6. Colour evaluation
Colour evaluation was performed on the surface of the native
and hypochlorite-oxidised bean starches. The colour was measured
ﬁve times for each treatment. A Minolta Colourimeter (Milton Roy;
Colour Mate) colour analyser was used. The chroma metre was cal-
ibrated with a white tile, and the L⁄ parameter value was then
obtained.
2.7. Swelling power and solubility
The swelling power and solubility of the starches were deter-
mined as described by Leach, McCowen, and Schoch (1959).
Samples (1.0 g) were mixed with 50 ml of distilled water in centri-
fuge tubes. The suspensions were heated at 90 C for 30 min. The
gelatinised samples were then cooled to room temperature and
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110 C until a constant weight was achieved, so that the soluble
fraction could be quantiﬁed. Solubility was expressed as the per-
centage of the dried solid weight based on the dry sample weight.
Swelling power was represented as the ratio of wet sediment
weight to initial dry sample weight (deducting the amount of sol-
uble starch).
2.8. X-ray diffraction
X-ray diffractograms of the starches were obtained with an X-
ray diffractometer (XRD-6000, Shimadzu, Brazil). The scanning re-
gion of the diffraction ranged from 5 to 30with a target voltage of
30 kV, current of 30 mA and scan speed of 1/min. The relative
crystallinity (RC) of the starch granules was calculated as described
by Rabek (1980) using following the equation: RC % ¼ ðAc=ðAcþ
AaÞÞ  100; where Ac is the crystalline area; and Aa is the amor-
phous area on the X-ray diffractograms.
2.9. Pasting properties
The pasting properties of the starch samples were determined
using a Rapid Visco Analyser (RVA-4, Newport Scientiﬁc, Australia)
with a Standard Analysis 1 proﬁle. The viscosity was expressed in
rapid visco units (RVUs). Starch (3.0 g of 12 g/100 g wet basis) was
weighted directly in the RVA canister, and 25 ml of distilled water
was then added to the canister. The sample was held at 50 C for
1 min, heated to 95 C over 3.5 min, and then held at 95 C for
2.5 min. The sample was cooled to 50 C over 4 min and then held
at 50 C for 1 min. The rotating speed was held at 960 rpm for 10 s,
and then maintained at 160 rpm for the remaining process. Param-
eters, including pasting temperature, peak viscosity, holding vis-
cosity, breakdown, ﬁnal viscosity and setback, were recorded.
2.10. Gel hardness
Gel hardness was analysed with a Texture Analyser (TA.XTplus,
Stable Micro Systems) according to the method used by Hormdok
and Noomhorm (2007), with some modiﬁcations. After taking the
RVA measurement, the gelatinised mixture in the canister re-
mained at room temperature (20 C) for 24 h, to allow the forma-
tion of a solid gel (3.0 g and 14% moisture content on a wet
basis). The canister was sealed with paraﬁlm to prevent moisture
loss during storage. The gels were punctured at 1.0 mm/s to a dis-
tance of 10.0 mm using a stainless steel cylindrical probe (P/20;
diameter of 20 mm). The measured peak force was reported as
the gel hardness (height of the ﬁrst peak).
2.11. Gelatinisation
Gelatinisation characteristics of the bean starches were
determined using differential scanning calourimetry (TA-60WS,Table 1
Physicochemical characteristics of native and hypochlorite-oxidised bean starches.
Treatment Parametera
Carbonyl content (%) c Carboxyl content (%) c L⁄d
Native 0.014 ± 0.000 b 0.000 87.13 ± 1.
0.5% NaOClb 0.022 ± 0.007 b 0.020 ± 0.000 c 86.19 ± 1.
1.0% NaOCl 0.069 ± 0.005 a 0.038 ± 0.000 b 92.13 ± 0.
1.5% NaOCl 0.056 ± 0.005 a 0.057 ± 0.006 a 96.05 ± 1.
a Different letters in the same column statistically differ (p < 0.05).
b NaOCl = sodium hypochlorite.
c Results are the means of three determinations ± standard deviations.
d Results are the means of ﬁve determinations ± standard deviations.Shimadzu, Kyoto, Japan). Starch samples (approximately 2.5 mg
on a dry basis) were weighed directly in an aluminium pan (Met-
tler, ME-27331), and distilled water was added to obtain an aque-
ous suspension containing 75% water. The pan was hermetically
sealed and allowed to equilibrate for 1 h before analysis. An empty
pan was used as a reference. The sample pans were then heated
from 40 C to 140 C at a rate of 10 C/min. The onset temperature
of gelatinisation (To), peak temperature (Tp), conclusion tempera-
ture (Tc) and gelatinisation enthalpy (DH) were determined. The
range of gelatinisation was calculated by subtracting To from Tc.2.12. Scanning electron microscopy (SEM)
The morphology of the starch granules was examined using a
scanning electron microscope (Shimadzu, SSX-550). Starch sam-
ples were initially suspended in acetone to obtain a 1% (w/v) sus-
pension, and the samples were maintained in an ultrasound for
15 min. A small quantity of each sample was spread directly onto
the surface of the stub and dried in an oven at 32 C for 1 h. Subse-
quently, all of the samples were coated with gold and examined in
the scanning electron microscope under an acceleration voltage of
15 kV and magniﬁcations of 2000 and 3000.2.13. Statistical analysis
Analytical determinations for the samples were performed in
triplicate, and standard deviations were calculated. A comparison
of the means was ascertained by Tukey’s test to a 5% level of signif-
icance using an analysis of the variance (ANOVA).3. Results and discussion
3.1. Carbonyl and carboxyl group contents
The carbonyl contents of the native and oxidised bean starches
in addition to the carboxyl content of the oxidised starch relative to
the native starch are listed in Table 1. The carbonyl content of the
starch oxidised with 0.5% active chlorine did not statistically differ
from the native starch. However, there was a signiﬁcant difference
between the carbonyl contents of the bean starches oxidised with
1.0% and 1.5% active chlorine as compared to the native and 0.5%
active chlorine-oxidised starches.
Sánchez-Rivera et al. (2005) characterised banana starches oxi-
dised with different levels of sodium hypochlorite, and they ob-
served an increase in the carbonyl content only after application
of 1.0% active chlorine to the starch. These authors suggested that
the low carbonyl content of the oxidised banana starch is due to
the presence of phenolic compounds that can react with the bana-
na starch. A similar situation may occur in bean starch due to the
high amount of phenolic compounds present in the bean seed coat,
which can interact with carbohydrates.Swelling power (g/g)c Solubility (g/g) c Gel hardness (g)c
78 c 8.94 ± 0.17 a 4.93 ± 0.04 c 2307.87 ± 232.47 a
41 c 8.16 ± 0.04 bc 5.25 ± 0.06 b 1920.25 ± 91.74 a
55 b 8.04 ± 0.13 c 5.60 ± 0.07 a 1140. 06 ± 51.89 b
04 a 8.41 ± 0.05 b 5.72 ± 0.09 a 1460.13 ± 113.26 b
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Fig. 1. X-ray diffraction pattern of native and hypochlorite-oxidised bean starches
at different active chlorine concentrations.
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a modiﬁed starch is determined by the concentration of carboxyl
groups. The carboxyl content had a similar pattern to the carbonyl
content in starches oxidised with 0.5% and 1.5% active chlorine. In
starches oxidised with 1.0% active chlorine, however, the carboxyl
content was not similar to the carbonyl content (Table 1). Sandhu,
Kaur, Singh, and Lim (2008) compared the carbonyl and carboxyl
groups of native and 1.0% active chlorine-oxidised normal and
waxy corn starches, and they reported that the greatest increase
in the carboxyl content occurs in normal corn starch. These authors
also suggested that the normal corn starch is more susceptible to
oxidation due to the linear nature of amylose, and this was further
supported by Wang and Wang (2003). Oxidation occurs mainly in
the amorphous lamella of the semi-crystalline growth rings in
starch granules (Kuakpetoon & Wang, 2001; Sandhu et al., 2008).
In this study, the oxidised bean starches had carboxyl contents
similar to the reported carboxyl contents of common corn (Wang &
Wang, 2003) and banana (Sánchez-Rivera et al., 2005) starches oxi-
dised by the same method and levels of active chlorine. Differences
in starch carboxyl contents can occur according to the botanical
origin of the starch, type of oxidising agent and reaction conditions
(Sangseethong et al., 2010).
3.2. Colour evaluation
The L⁄ parameter of the colourimetric assay characterises the
whiteness of samples, and the L⁄ values of the oxidised starches
are presented in Table 1. The L⁄ value of the sodium hypochlo-
rite-oxidised starch at a 0.5% active chlorine level did statistically
differ from the L⁄ value of native starch (a = 0.05), indicating that
this oxidation level was not sufﬁcient to improve starch whiteness.
The starch whiteness increased at a 1.0% active chlorine level, and
the L⁄ value was the highest when starch was oxidised with 1.5%
active chlorine (Table 1). These results were in agreement with
ﬁndings reported by Sánchez-Rivera et al. (2005), who demon-
strated that the L⁄ values of hypochlorite-oxidised banana starches
are increased when active chlorine concentrations are increased,
and they observed L⁄ values close to 100%, which is the maximum
value for this parameter and indicates a white material.
The bean starches modiﬁed with 1.0% and 1.5% active chlorine
were whiter than the native and 0.5% active chlorine-oxidised
starches (Table 1). In an oxidation reaction, some pigments and
proteins are oxidised before the glucose units (Sánchez-Rivera
et al., 2005). Thus, elimination of the pigments and proteins pro-
duce a whiter starch.
3.3. Swelling power and solubility
The swelling power at 90 C of all hypochlorite-oxidised
starches decreased compared to the swelling power of native
starch (Table 1). The oxidation process results in the depolymerisa-
tion of both amylose and amylopectin chains, and amylose is more
susceptible to depolymerisation due to its more accessible nature
and linear structure (Wang & Wang, 2003). According to Tester
and Morrison (1990), amylopectin contributes to swelling and
pasting of starch granules, and amylose and lipids inhibit the
swelling of starch granules. Wang and Wang (2003) reported a
lower swelling power of oxidised common corn starch at 95 C as
compared to the native common corn starch, and they suggested
that this phenomenon occurs due to the hydrolysis of amylopectin
chains at high temperatures and to the presence of a sponge in the
granule structure that is able to imbibe water during heating, but
cannot retain the absorbed water under centrifugation. The higher
swelling power of 1.5% active chlorine-oxidised starch, as com-
pared to the other oxidation levels, can be attributed to the highest
amount of amylopectin depolymerisation. When amylopectin isdepolymerised, the amylose ability to hold more water molecules
during centrifugation increases. At low concentrations of active
chlorine (0.5% and 1.0%), high swelling power capabilities did not
exist due to the low amylopectin depolymerisation.
The solubility of the native and oxidised starches is shown in
Table 1. The solubility of all oxidised starches increased when com-
pared to the native starch with the highest solubility observed in
starches oxidised with 1.0% and 1.5% active chlorine. This result
was similar to ﬁndings reported by Wang and Wang (2003).
3.4. Gel hardness
The gel hardness values of the studied bean starches are shown
in Table 1. Oxidative treatment with sodium hypochlorite differen-
tially affected the gel hardness of the bean starches depending on
the level of oxidant. The gel hardness of the starch oxidised with
0.5% active chlorine did not statistically differ from the native
starch. However, the starches oxidised with 1.0% and 1.5% active
chlorine had lower gel hardness values than the native and 0.5% ac-
tive chlorine-oxidised starches, respectively.
According toDias et al. (2011), gel behaviour andoxidation inten-
sity are related to changes in the internal structure of starch. Gel
resistance decreases with increases in oxidation intensity, which is
primarily due to depolymerisation or molecular rearrangement.
3.5. X-ray diffraction
The X-ray diffraction patterns of the native and hypochlorite-
oxidised bean starches are presented in Fig. 1. The starches showed
the conventional ‘‘C’’ pattern characteristic of legume starches
(Fig. 1). This ‘‘C’’ pattern is a crystalline polymorph that is consid-
ered to be a mixture of ‘‘A’’ and ‘‘B’’ polymorphs, which are charac-
teristic of cereals and tuber starches, respectively (Lawal &
Adebowale, 2005). The starches showed differences in the peak
intensity values and relative crystallinity (Table 2). Table 2 shows
the intensity of the main peaks veriﬁed on X-ray diffractograms
and the relative crystallinity of the native and hypochlorite-oxi-
dised bean starches. The starch modiﬁed with 0.5% active chlorine
had the lowest peak intensities. However, there was an increase in
peak intensities when higher concentrations of active chlorine
(1.0% and 1.5%) were used, suggesting that higher concentrations
of active chlorine resulted in greater peak intensities.
The relative crystallinity is calculated based on the total area
and amorphous area of X-ray diffractograms, and a signiﬁcant de-
Table 4
Gelatinisation characteristics of the native and hypochlorite-oxidised bean starches.
Treatment Transition temperaturesa Tc–To (C)c DH (J/g)d
To (C) Tp (C) Tc (C)
Native 72.19 76.36 82.11 9.92 6.00
0.5% NaOClb 71.83 75.29 81.93 10.10 6.01
1.0% NaOCl 70.78 75.79 82.02 11.24 6.99
1.5% NaOCl 71.09 76.16 83.10 12.01 7.89
a To, Tp and Tc are the temperatures at the onset, midpoint and end of gelatin-
isation, respectively.
b NaOCl = sodium hypochlorite.
c Tc–To indicates the gelatinisation temperature range.
d DH indicates the enthalpy of gelatinisation.
Table 2
Intensity of the X-ray diffractogram main peaks and relative crystallinity of the
studied bean starches.
Treatment Intensity (CPSa) Relative
crystallinity (%)
1 2 3
Native 766 946 1038 43.94
0.5% NaOClb 646 864 906 44.47
1.0% NaOCl 728 966 1028 41.08
1.5% NaOCl 828 1114 1088 37.95
a CPS is the abbreviation for counts per second.
b NaOCl = sodium hypochlorite.
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crystallinity. Crystallinity differences amongst legume starches
are inﬂuenced by the following factors: crystallite size, number
of crystallites that are arranged in a crystalline array, moisture con-
tent, and polymorphic content (Hoover et al., 2010). The 0.5% ac-
tive chlorine-oxidised starch had a small increase in relative
crystallinity as compared to the native starch (Table 2). However,
there was a 3.39% and 5.99% decrease in the relative crystallinity
at active chlorine oxidation levels of 1.0% and 1.5%, respectively.
The increase in relative crystallinity at low hypochlorite concentra-
tions may have occurred because the amylose chain is damaged
during the oxidation process. When the hypochlorite level in-
creased, there was a decrease in relative crystallinity suggesting
that amylopectin chains were already damaged at a 1.0% active
chlorine level and that starch oxidation with 1.5% active chlorine
caused a greater depolymerisation of the amylopectin chains.
Kuakpetoon and Wang (2001) found no signiﬁcant difference in
the relative crystallinity of corn, potatoes and rice starches treated
with sodium hypochlorite at concentrations of 0.8% and 2% as com-
pared to native starches. Kuakpetoon andWang (2006) reported an
increase in relative crystallinity of corn starch after oxidative treat-
ment with 0.8% sodium hypochlorite, and they found a slight de-
crease in the relative crystallinity when the concentration of
hypochlorite is increased to 2% and 5%. According to these authors,
the increase of relative crystallinity with 0.8% sodium hypochlorite
may have been due to the occurrence of oxidation only in the
amorphous region of the granules with degradation of amylose
molecules. However, they suggested that the reduced relative crys-
tallinity with hypochlorite concentrations of 2% and 5% is due to
the degradation of the crystalline region.
3.6. Pasting properties
The pasting properties of oxidised starches analysed with a Ra-
pid Visco Analyser are shown in Table 3. The pasting temperatures
of all oxidised starches did not differ from the native starch.
Kuakpetoon and Wang (2001) reported a decrease in pasting tem-
perature and an increase in peak viscosity of rice and corn starch
oxidised with 0.8% active chlorine. According to these authors, oxi-
dised starch granules can swell more easily and can swell to a
greater extent because the association forces between the mole-
cules in the native starch are weakened by electrical repulsion ofTable 3
Pasting characteristics of the native and hypochlorite-oxidised bean starches.
Treatment Parametera
Pasting temperature (C) Peak viscosity (RVU) Holding visc
Native 75.00 ± 0.00a 272.87 ± 3.20b 187.29 ± 2.2
0.5% NaOClb 75.00 ± 0.05a 291.29 ± 0.54a 237.34 ± 0.5
1.0% NaOCl 75.02 ± 0.82a 244.29 ± 6.37c 217.08 ± 5.9
1.5% NaOCl 74.60 ± 0.40a 237.87 ± 0.95c 200.83 ± 1.8
a Different letters in the same column statistically differ (p < 0.05). Results are the me
b NaOCl = sodium hypochlorite.the carboxyl groups. Thus, more water is allowed to penetrate into
the granules. Although the results of the present study did not
show differences in the pasting temperature of oxidised and native
starches, there was an increase in peak viscosity and ﬁnal viscosity
of starches oxidised with 0.5% active chlorine as compared to the
native starch. The starch oxidised with the lowest active chlorine
level showed characteristics of slightly crosslinked starches be-
cause of the improved starch integrity from chemical crosslinking.
The same pattern has been previously reported byWang andWang
(2003) who studied the physicochemical properties of common
and waxy corn starches oxidised with sodium hypochlorite at dif-
ferent levels. The crosslinking of legume starches decreases amy-
lose leaching, water binding capacity, a-amylase digestibility,
and granular swelling and increases thermal stability and degree
of setback (Hoover et al., 2010).
The decreases in the peak and ﬁnal viscosities found in the
starches oxidised with 1.0% and 1.5% active chlorine were caused
by the partial cleavage of glycosidic linkages due to extensive oxi-
dation. This resulted in decreased molecular weights of starch mol-
ecules (Kuakpetoon & Wang, 2001). Li and Vasanthan (2003)
showed that hypochlorite oxidation of peas inﬂuences the Brab-
ender pasting properties of peas, which decreases the peak viscos-
ity, hot paste viscosity and setback and increases the degree of
oxidation (Hoover et al., 2010).
The oxidised starches had lower breakdown values than the na-
tive starch (Table 3). The starch oxidised with 1.0% active chlorine
presented the lowest breakdown value, followed by the starches
oxidised with 1.5% and 0.5% active chlorine. The setback decreased
in starches oxidised with 1.0% and 1.5% active chlorine as com-
pared to the native and 0.5% active chlorine-oxidised starches (Ta-
ble 3). When there were more carboxyl and carbonyl radicals than
hydroxyl radicals, the space between the chains of amylose were
increased. Thus, the approximation of molecules was avoided,
and the setback was decreased.
3.7. Gelatinisation
As measured by the DSC, the thermal transitions (To, Tp, and Tc)
and enthalpies (DH) of the native and oxidised bean starches are
shown in Table 4. The oxidised bean starches had lower onset tem-osity (RVU) Breakdown (RVU) Final viscosity (RVU) Setback (RVU)
9d 85.58 ± 0.91a 344.29 ± 4.62b 157.00 ± 2.33a
9a 53.95 ± 1.12b 396.25 ± 0.75a 158.91 ± 1.33a
1b 27.21 ± 0.46d 320.91 ± 8.33c 103.83 ± 2.41b
3c 37.04 ± 2.79c 306.62 ± 4.37d 106.04 ± 5.96b
ans of three determinations ± standard deviations.
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(Table 4), indicating that the oxidised bean starches had greater
capacities to hydrate and gelatinise. Many studies have reportedFig. 2. Scanning electron micrographs of native and hypochlorite-oxidised bean starches
(c) 0.5% NaOCl-oxidised starch at 2000 magniﬁcation. (d) 0.5% NaOCl-oxidised starch
1.0% NaOCl-oxidised starch at 3000 magniﬁcation. (g) 1.5% NaOCl-oxidised starch at 2the inﬂuence of oxidation on the gelatinisation properties of starch,
but the results are inconclusive and vary due to starch origin and
modiﬁcation conditions (Sangseethong, Lertphanich, & Sriroth,. (a) Native starch at 2000magniﬁcation. (b) Native starch at 3000magniﬁcation.
at 3000 magniﬁcation. (e) 1.0% NaOCl-oxidised starch at 2000 magniﬁcation. (f)
000 magniﬁcation. (h) 1.5% NaOCl-oxidised starch at 3000 magniﬁcation.
N.L. Vanier et al. / Food Chemistry 131 (2012) 1255–1262 12612009). Sangseethong et al. (2010) compared the effects of sodium
hypochlorite and hydrogen peroxide as oxidant agents on cassava
starch modiﬁcation, and they suggested that the negatively
charged carboxyl groups introduced during sodium hypochlorite
oxidation can readily adsorb water and facilitate hydration, thus
weakening starch granules and resulting in gelatinisation at lower
temperatures. The conclusion temperatures (Tc) of the starches
oxidised with 0.5% and 1.0% active chlorine were not signiﬁcantly
different from the conclusion temperature of the native starch (Ta-
ble 4). As compared to the native starch, however, an increase in
the Tc was observed when the starch was oxidised with 1.5% active
chlorine.
The enthalpy of gelatinisation (DH) represents the amount of
energy required for the gelatinisation process. According to Alvani,
Qi, Tester, and Snape (2011), whilst Tp gives a measure of crystal-
lite perfection or quality (possibly including double helix length),
the enthalpy of gelatinization (DH) gives an overall measure of
crystallinity (quality and quantity), and is regarded as an indicator
of the loss of molecular order due to hydrogen bond breaking with-
in the granule. The enthalpy of the starch oxidised with 0.5% active
chlorine remained unchanged as compared to the native starch.
The enthalpy of the starches oxidised with 1.0% and 1.5% active
chlorine increased by 16.5% and 31.5%, respectively, as compared
to the native starch. These results were different from the ﬁndings
reported by Sandhu et al. (2008), who studied oxidised corn starch,
and Sangseethong et al. (2009), who studied oxidised cassava
starch. Both of these groups reported a decrease in gelatinisation
enthalpy of oxidised starches as compared to the native starch.
Wang and Wang (2003) studied the properties of common and
waxy corn starches oxidised with sodium hypochlorite using dif-
ferent active chlorine levels, and they did not observe any statisti-
cal differences amongst the gelatinisation enthalpy values of the
oxidised starches. However, Kaur, Sandhu, and Lim (2010) veriﬁed
a statistically signiﬁcant negative correlation (r = 0.859) between
the enthalpy of gelatinisation (DH) and relative crystallinity of
starch isolated from different Indian lentil (Lens culinaris) cultivars.
Thus, the increase veriﬁed in the enthalpy of gelatinisation is prob-
ably due to the decrease in the relative crystallinity, which is pre-
sented in Table 2.3.8. Morphology of starch granules
The scanning electron micrographs of the native and sodium
hypochlorite-oxidised starch granules are shown in Fig. 2. The na-
tive bean starch granules had oval and spherical shapes with
smooth surfaces that lacked ﬁssures (Fig. 2a and b). There were
no obvious changes or signs of damage on the surface of the starch
granules oxidised with 0.5% and 1.0% active chlorine (Fig. 2c–f) as
compared to the surface of the native starch granules (Fig. 2a and
b). However, the starch granules oxidised with 1.5% active chlorine
had imperfections on their external structures, and the surface of
these granules was rougher than the surface of the native starch
granules (indicated by arrows in Fig. 2g and h). When studying
the effects of the hypochlorite and hydrogen peroxide reaction time
on the physicochemical properties of cassava starch, Sangseethong
et al. (2010) observed rougher granules and the presence of ﬁssures
in cassava starch oxidised with sodium hypochlorite for either 120
and 300 min. Kuakpetoon andWang (2001) observed no changes in
the granule morphology of potato, corn and rice starches modiﬁed
with hypochlorite at 0.8% and 2% active chlorine levels.4. Conclusion
The present study provided information about the physico-
chemical, crystallinity, pasting and morphological properties ofbean starch oxidised with sodium hypochlorite. The bean starch
oxidised with 0.5% active chlorine had higher peak and ﬁnal viscos-
ities, which are characteristic of slightly crosslinked starches. Thus,
the bean starch oxidation at 0.5% active chlorine can probably en-
able its use as viscosiﬁers and texturizers in soups, sauces, gravies,
bakery and dairy products.
As compared to the native and 1.5% active chlorine-oxidised
starches, 1.0% and 1.5% active chlorine increased the carbonyl con-
tent, carboxyl content, whiteness and solubility and decreased the
swelling power, gel hardness, relative crystallinity and RVA param-
eters (breakdown, peak viscosity and setback). The 1.5% active
chlorine-oxidised starch granules had imperfections on their exter-
nal structure, and the surface of these starch granules was rougher
than the surface of the other starch granules. The 1.0% and 1.5%
oxidant levels probably enable the use of bean starches in batters
and breading for coating various food products, in confectionary
as binders and ﬁlm formers, and in dairy texturizers. These oxidant
concentrations increased the whiteness of bean starch, which is
considered a good starch property in the paper industry.
Studies on the properties of bean starches modiﬁed by other
agents, such as hydrogen peroxide, different reaction times and
different pH levels are necessary to better understand the effects
of oxidation on bean starch properties. Studies related to bean
starch applications in food and non-food sectors are also necessary.
Compared to other starch origins, little is known about modiﬁed
bean starch and native bean starch properties.
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